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1Multiscale Modeling Reveals the Cause of Surface Stress Change on 
Microcantilevers Due to Alkanethiol SAM Adsorption 
Yue Zhaoa, Agnivo Gosaia, Kyungho Kanga and Pranav Shrotriyaa,1
a Department of Mechanical Engineering, Iowa State University, Ames, IA 50011, USA
Abstract
Experimental results show that the adsorption of the self assembled monolayers (SAMs) on a gold 
surface induces surface stress change that cause a deformation of the underlying substrate. 
However, the exact mechanism of stress development is yet to be elucidated. In the present study, 
multiscale computational models based on molecular dynamics (MD) simulations are applied to 
study the mechanism governing surface stress change. Distinct mechanisms for adsorption induced 
surface deformation, namely inter chain repulsion and thiol-gold interaction driven gold surface 
reconstruction, are investigated. Two different inter-atomic potentials, embedded atom method 
(EAM) and surface embedded atom method (SEAM), are used in the MD simulations to study the 
reconstruction induced surface stresses. Comparison of the predicted surface stress changes, 
resulting from MD and continuum mechanics based models, with observed experimental response, 
indicate that a modified SEAM based multiscale model can better capture the surface stress 
changes observed during alkanethiol SAM formation and gold surface reconstruction is the 
primary factor behind the surface stress change. Inter chain repulsions of SAM are found to have 
minimal contribution. Also, both the simulations and experiments show that surface stress change 
increases with surface coverage density and larger grain size.
1 Corresponding author
Address: 2019 Black Engineering Building, Ames, IA 50011
Phone: 515-294-9719, Email: shrotriy@iastate.edu  
Page 1 of 34
ACS Paragon Plus Environment
Journal of Chemical Information and Modeling
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
21.Introduction
Microcantilever based sensors have shown great potential to detect the presence of 
chemical and biological species, in which the molecular interaction between the receptor bound to 
the surface of the microcantilever and the target in the sample under testing, is transduced to a 
measurable mechanical deformation of the cantilever structure. Thundat et.al1 reported the 
deflection of atomic force microscope (AFM) cantilevers due to changes in relative humidity and 
thermal heating and thus opened a myriad of possibilities for exploiting the use of AFM cantilever 
deflection technique in the field of chemical and biological sensing. Berger et al.2 reported 
microcantilever bending associated with formation of self assembled monolayers (SAM) of 
alkanethiols. Their results showed that the immobilization of the SAMs result in a downward 
bending of the microcantilever. Surface stress range of 0.05 to 0.25 N/m were observed for 
alkanethiols with chain lengths of 4 to 14 methyl groups. Measured surface stress change was 
found to increase linearly with chain length of the alkanethiol molecules. However, Godin et al 3, 
noticed that surface stress was not dependent on chain lengths (for hexanethiol, octanethiol and 
decanethiol) in experiments that were conducted in atomically flat gold in the vapor phase, where 
the SAM formation was determined to be complete. In contrast, Desikan et al.4 reported that when 
SAM adsorption occurs in liquid phase, the shorter chain alkanethiols like octanethiol generate 
much greater surface stress compared to longer ones like dodecanethiol and octadecanethiol. They 
attribute this to better adsorption of thiol head groups in case of shorter chains and greater surface 
packing density.
Since the first report of SAM induced surface stress change2, SAMs have been used as test 
system to validate most of cantilever based sensing techniques. Experiments have been conducted 
to study response of the cantilever based sensor to different materials and end groups5-8, 
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3measurement theory9-11, and cantilever properties12, 13. Alkanethiol SAMs (HS-(CH2)n-1-CH3) are 
one of the commonly studied SAMs, because they are relatively easy to prepare, and result in well-
ordered close packed films and are amenable to variation in chain lengths, end groups and ligand 
attachments. 
Godin et.al14 hypothesized that the SAM formation progresses through three different 
phases as the surface coverage density of the alkanethiol molecule increases. These phases are the 
unstacked lying-down phase, stacked lying-down phase and standing-up phase. Their experimental 
results showed that kinetics of absorption and final surface coverage density of the SAM on gold-
coated microcantilevers depended on the grain size of the gold films. For larger grain size and 
lower surface roughness, the SAM formation progressed through all three phases and finally 
formed a close packed standing-up pattern that corresponded to surface stress change of 15.9± 0.6 
N/m. While, for smaller grain size and greater surface roughness, SAM formation stopped in the 
stacked lying down phase leading to a smaller surface stress change of 0.51±0.02 N/m. These 
studies were conducted in the vapor phase of SAM formation.
Desikan et al., 4, 15measured surface stress changes associated with alkanethiol SAM 
formation for a range of alkanethiol chain lengths on cantilevers with different surface roughness 
in the liquid phase. They observed surface stress change of approximately 0.09 - 0.15 N/m when 
the root mean squared (RMS) roughness of cantilevers changed one order of magnitude from 1.32 
to 12.8 nm. In addition, the measured surface stress changed from 0.6 to 1.2 N/m with decreasing 
alkanethiol chain lengths of n = 18, 12, and 8, for a microcantilever with RMS surface roughness 
~ 10nm. Based on the experimental observation, they concluded that the alkanethiol SAM induced 
surface stress change is not sensitive to the surface roughness but depends on the chain length.
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4Surface stress generation during SAM formation has been attributed to several different 
mechanisms such as intermolecular repulsion between the alkanethiol chains, electrostatic 
repulsion between adsorbates and surface stresses due to surface reconstructions. Godin et.al3 
performed experiments which showed barely any difference in surface stress induced by SAMs of 
different length. They also conducted molecular simulations that showed that intermolecular 
Lennard-Jones and electrostatic forces can only generate relatively small surface stresses (0.001-
0.05 N/m for LJ interactions and 10% of total surface stress for electrostatic forces) and argued 
that the dominant factor may be the surface charge redistribution.
Tielens et al.16, utilized on density functional theory (DFT) calculations combined with a 
novel bond breaking theory to show that for an alkanethiol like the propanethiol molecule, the S-
H bond is broken with the binding of the RS radical to the Au surface. The hydrogen from the 
broken S-H initially forms a strong bond with the Au surface but after total relaxation of the 
systems, the hydrogen bond desorbs. Luque et al.17, showed that lying down configuration, 
preferentially physiosorbed onto the Au surfaces, is less stable as the surface coverage increases 
while standing up geometries become more dominant driven by chemisorption. The study 
indicated that for a favorable energy barrier, regular steps ( a step edge can be considered as a row 
of adatoms) are formed on the Au (111) surface after formation of the thiolate SAM. Humblot et 
al.18, explained that the surface reconstruction can occur at normal room temperature, as 
demonstrated in their work through the adsorption of peptide molecules on Au (111) surface using 
a combination of scanning tunneling microscope and computational methods. They could show 
that the reconstruction is initiated at kinks and edges but also takes place in defect free terraces. 
Andreoni et al.19 used first principle calculations based on DFT to show that absorption of thiolated 
molecules on gold surface leads to redistribution of the charge density and the gold atoms closest 
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5to the sulfur atom undergo a surface expansion with interatom separation changing from 2.88 to 
3.45 Å. Beardmore et al.20 also conducted first principle quantum calculations for thiol-gold bond 
and showed that the gold atoms participating in the gold-thiol bond become more positive while 
the sulfur atoms become more electronegative. Chen et al. 21 combined first principles calculations 
with continuum elasticity based models to show the surface stress effect of methanethiols on 
microcantilevers considering the charge distribution on a single microcantilever. They showed that 
the majority of the surface stress originated from the reorganization of the first two Au atom layers 
that lie in close proximity to the adsorption site. Recently, Lin et al. 22 utilized density functional 
theory (DFT) to show that methanethiol adsorption on Au (111) adatoms result in a shielding 
effect, weakening the Au-S bond, which results in a lower compressive surface stress in 
comparison to that on a clean Au surface. Despite all these efforts, there is still a requirement for 
simple empirical potentials and theoretical models for surface stress generation due to alkanethiol 
absorption onto microcantilevers.
In this paper, the surface stress generated during the formation of self-assembled 
monolayers is investigated using a combined experimental and computational approach. A 
differential surface stress sensor is utilized to measure the surface stress generated due to 
alkanethiol SAM formation of gold coated micro-cantilevers. All atom molecular dynamics (MD) 
simulations of alkanethiol chains on gold surface were performed to study the surface stress 
induced by interchain interactions and electrostatic interactions. Two different inter-atomic 
potential, embedded atom method (EAM)23-25 and surface embedded atom method (SEAM)26, are 
used in the MD simulations to study the reconstruction induced surface stresses. Modified SEAM 
potentials are utilized to model the gold surface reconstruction due to gold-sulfur bond formation 
and a multiscale modeling framework is established to predict the alkanethiol SAM induced 
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6surface stress changes. The results of simulations are compared with experimental reports to test 
the validity of the modeling assumptions and the modeling could predict the surface stress for 
smaller grain size more significantly compared to the higher grain size.
2.Methods and Materials
a) Surface Stress Measurements
A differential surface stress sensor consisting of two adjacent cantilevers, a 
sensing/reference pair, where only the sensing surface is activated for adsorption of chemical or 
biological molecules was utilized for measuring the surface stress generated due to alkanethiol 
SAM formation on gold surfaces. Kang et al.27, 28 have previously reported the principle and details 
of differential surface stress measurement and utilized the surface stress sensor system to detect 
cocaine molecules using aptamers as receptors. Optical circuit for the surface stress sensor is 
shown in Figure 1. 
Measurement of differential surface stress ensures that detected signal is proportional to 
specific binding of analyte species on the sensing cantilever and eliminates the influence of 
environmental disturbances such as nonspecific adsorption, changes in pH, ionic strength, and 
especially the temperature. For a detailed description of the device, the readers may consult the 
previous publication 29.
b) Microcantilevers
In the sensor system, two adjacent rectangular tipless silicon cantilevers (480 µm long, 80 
µm wide, and 1 µm thick) with a top side coating of 5nm titanium and 30nm gold film. 
(Nanoworld, Switzerland) were used as sensing/reference pair. AFM cantilevers are batch 
produced with variations of dimensions and mechanical properties from the manufacture’s quote. 
In order to accurately measure surface stress development, the thickness of each cantilever is 
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7calculated based on the experimentally measured spring constant and the material properties30. 
Microstructure and surface roughness of the gold film on the cantilever were determined using 
contact mode AFM imaging as provided in Fig. 2A.
c) Experimental Procedure 
Liquid octanethiol [CH3(CH2)7SH] was selected as alkanethiol solution and purchased 
from Sigma-Aldrich. All the AFM cantilevers were cleaned by immersing for 3 minutes in piranha 
solution (70% H2SO4, and 30% H2O2 by volume) and were then rinsed in deionized water and 
dried in the gentle N2 flow. Only the reference cantilevers were incubated in pure octanethiol 
solution for 12 hours to ensure the formation of a self-assembled monolayer (SAM) on the gold 
film. Formation of a stable SAM on the reference cantilever ensures that alkanethiol molecules are 
only adsorbed on the sensing cantilever during subsequent experiments.
Surface stress development associated with alkanethiol SAM formation was measured in 
three steps. In the first step, reference and sensing cantilever were mounted in the sensor and 
stability of the interferometer was first checked to ensure that measured signal is not affected by 
system drift and ambient noise. In the second step, 20mL of pure liquid octanethiol was injected 
into a beaker placed near the two cantilevers. The entire set up is enclosed in a housing to confine 
the vapors near the microcantilevers. Differential surface stress which is proportional to the 
cantilever deflection is then calculated by using Stoney’s formula31. After the exposure to 
alkanethiol, the sensing cantilever is expected to be covered with alkanethiol SAM; therefore, 
reintroduction of alkanethiol vapors should not cause further differential bending of the 
cantilevers. In the last step, sensing and reference cantilevers were again exposed to alkanethiol 
vapors to ensure that measured surface stress change is associated with only alkanethiol formation. 
3. Experimental Results 
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8Gold film on the cantilever was imaged using contact mode and grain size was determined 
to be 40 ± 10 nm (Figure 2A). The mean square roughness of the gold surface was 2.07±0.23 nm 
for the 750 nm scan size. The stiffness of the cantilever was found to be in the range of 0.16-0.18 
N/m resulting in a calculated gold thickness of approximately 1.7- 1.8 m. 
Experimental measurements of surface stress induced due to vapor phase deposition of 
alkanethiol during a typical run are plotted in Figure 2B. As soon as alkanethiol solution is injected, 
the microcantilever undergoes an initial tensile surface stress change before the compressive 
surface stress development. Initial tensile surface stress development has been previously reported 
by other researchers as well and is thought to be associated with “knocking off” of surface adsorbed 
species by individual alkanethiol molecules2. After the initial knock-off phase, the alkanethiol 
molecules get adsorbed on the surface and arrange into self-assembled monolayers. According to 
Figure 2B, alkanethiol SAMs rapidly form in the initial stages, 10 minutes after injection, but it 
took about 50 minutes to complete SAM formation (final saturation). In the initial 1000 s of data 
collection, plot of surface stress change may be described by a Langmuir adsorption isotherm. 
Godin et al.10, 14 have noticed that in case the gold is evaporated onto the cantilever surface, the 
existence of a fully formed complete monolayer is not guaranteed and this could explain the 
deviation from the conventional Langmuir isotherm. Also, Desikan et al.4 noticed that for longer 
chain alkanethiols adsorbed onto the gold surface the surface stress development can not be 
modeled by a typical Langmuir isotherm as well. The second development of surface stress change 
in Figure 2B is due to slow saturation of closely packed SAM on sensing cantilever. In addition, 
the distance between the microcantilever and  the location where alkanethiol droplets were 
introduced was 10 cm. As a result, final surface stress change was 0.28 ± 0.02N/m and the 
corresponding differential bending was 180 ± 10 nm at gold surface grain size of 40 ± 10 nm. 
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9After the SAM formation on the sensing cantilever, the sensor was again exposed to 
alkanethiol vapors. A minimal surface stress change during re-introduction of the alkanethiol 
vapors indicates that both sensing and reference cantilever are covered with alkanethiol SAM. 
Furthermore, it indicates surface stress change observed during the first introduction is 
unambiguously associated with SAM formation on sensing cantilever. Previous reports14 have 
indicated that distance of cantilever to the location where alkanethiol droplets are introduced, 
condition of gold surface like cleanliness and roughness, and grain structure of the gold on the 
cantilever’s surface affects the kinetics and magnitude of surface stress development. Among those 
conditions, the microstructure of gold film significantly influences the development of the surface 
stress during the formation of alkanethiol SAMs14.
Measured surface stress changes for alkanethiol SAM formation in the current experiments 
is compared to other reports in Table 1 as a function of grain size, surface roughness and 
alkanethiol chain length.
Table 1. Surface stress change reports with different parameters
specimen
type
Alkanethiol 
Chain length
Roughness on 
750nm scan size Grain Size
Surface
stress 
(N/m)
Source
4 C - 12 C - not reported 0.1-0.25 Berger et al.2
12 C 0.3 nm large 15.9 Godin et al.14
12 C 0.9 nm small 0.51 Godin et al.14
6 C - 10 C Not reported large 6.3 Godin et al.3
12 C 1.32-12.8 nm not reported 0.09-0.15 Desikan et al.15
8, 12, 18 C 10 nm not reported 1.2-0.6 Desikan et al. 4
cantilever
8 C 2.07 nm small 0.28 This work
plate 18 C 1.92 nm small 0.12-0.15 Shrotriya et al. 32
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10
4. Multiscale modeling
a) Overall Energy of the System due to SAM Adsorption
The mechanism of the cantilever bending due to SAM formation is still not well 
understood, however it is generally agreed that the adsorbed molecules are responsible for the 
compressive stress that develops during the adsorption procedure on the surface. The relationship 
between the cantilever deflection and surface stress is given by Stoney’s formula31, 
𝜎𝑠 = 𝐸ℎ26𝑅(1 ― 𝜈) (1)
where  is surface stress, h is the cantilever thickness, R is the radius of curvature due to bending, 𝜎𝑠
and E and  are Young’s modulus and Poisson ratio of the cantilever.ν
The SAM-cantilever system consists of three parts: the SiNx base layer, the gold layer for 
SAM adsorption, and the thin layer of SAM chains. According to the reported results from earlier 
experiments and simulations19, 33, 34, the gold layer is with Au(111) orientation and the sulfur atoms 
preferentially bind to gold surface on the fcc sites19. In this study, we assume that the SiNx base 
layer is not affected by the SAM adsorption since it is far enough from the absorption part and the 
interactions will be minimum. Therefore, the surface stress changes associated with SAM 
formation could be only due to two dominant factors, the adsorbed alkanethiol layer and the gold 
substrate.
The surface stress can be defined as the first derivative of the total surface energy change 
of the system ( ) with respect to the surface strain ( ). The total surface energy change during 𝐸s 𝜀s
the alkanethiol SAM formation process is considered to be due to two parts: the energy change 
within the alkanethiol SAM ( ), and the energy change of the gold substrate associated with 𝐸𝑠, 𝑆𝐴𝑀
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11
the SAM formation ( ). Accordingly, the surface stress induced by SAM formation also 𝐸𝑠, 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
consists of two components (SAM layer and gold substrate):
𝐸𝑠 = 𝐸𝑠,𝑆𝐴𝑀 + 𝐸𝑠, 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝜎𝑠 = ∂(𝐸𝑠)∂𝜀𝑠 = ∂(𝐸𝑠, 𝑆𝐴𝑀)∂𝜀𝑠 + ∂(𝐸𝑠, 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)∂𝜀𝑠 = 𝜎𝑠,𝑆𝐴𝑀 + 𝜎𝑠, 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (2)
The effects of  and  are investigated respectively, and the results are 𝜎𝑠,𝑆𝐴𝑀 𝜎𝑠, 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
compared to determine which component is more dominant in surface stress generation due to 
alkanethiol SAM formation.
b) Energy Models Associated with Alkanethiol SAM Layer
During the SAM formation, the energy change associated with SAM layer ( ) may 𝐸𝑠, 𝑆𝐴𝑀
come from various origins, including the bonding energy of the covalent chemical bonds within 
molecules ( ), the Lenard-Jones potential associated with the van-der-Waal forces between 𝐸𝑏𝑜𝑛𝑑
unbonded atoms ( ), the interaction energy of gold-sulfur interactions ( ), and the 𝐸𝐿 ― 𝐽 𝐸𝐴𝑢 ― 𝑆
Coulomb energy associated with electrostatic forces between charged molecules ( ).𝐸𝐶𝑜𝑢𝑙
𝐸𝑠,𝑆𝐴𝑀 = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝐿 ― 𝐽 + 𝐸𝐴𝑢 ― 𝑆 + 𝐸𝐶𝑜𝑢𝑙 (3)
All these distinct types of energies are investigated and considered in the energy model. 
The bonding energy 35, 36 includes the harmonic potentials for bond stretching (stretch), bond 
bending (bend), and the bond twisting (dihedral) (equation 4(a)). The Lenard-Jones potentials 37 
were used to model the interactions between atoms that were not bonded to each other (equation 
4(b)). For gold-sulfur interaction, Zhang et al.38 employed the Morse potential to depict the 
interaction, since it can mimic the bonding of a partially covalent bond (equation 4(c)). Partial 
charges for C, H atoms were obtained from previously reported charge analysis39, and the Coulomb 
potentials for the interactions between charged molecules are utilized. These intramolecular and 
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12
intermolecular potential function parameters have been previously reported to accurately capture 
the equilibrium conformations, vibrational frequencies, and excess enthalpies of the simulated 
molecules40, 41.
𝐸𝑏𝑜𝑛𝑑 = ∑
𝑠𝑡𝑟𝑒𝑡𝑐ℎ
𝑘𝑟(𝛼 ― 𝛼0)22 + ∑
𝑏𝑒𝑛𝑑
𝑘𝜃(𝜃 ― 𝜃0)22 + ∑
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙
3
∑
𝑛 = 1
𝑘𝑛[1 + 𝑐𝑜𝑠(𝑛𝜑 ― 𝜑𝑛)]2 (4(a))
𝐸𝐿 ― 𝐽 = 4𝜀[(𝛾𝑟)12 ― (𝛾𝑟)6] (4(b))
𝐸𝐴𝑢 ― 𝑆 = 𝐷𝑒{𝑒𝑥𝑝[ ―𝑆( 𝑟𝑟𝑒 ― 1)] ― 2𝑒𝑥𝑝[ ― 𝑆2( 𝑟𝑟𝑒 ― 1)]} (4(c))
where all the parameters ( ) are previously reported42.𝑘𝑟, 𝑘𝜃, 𝑘𝑛, 𝛼0, 𝜃0, 𝜑𝑛, 𝜀, 𝛾, 𝐷𝑒, 𝑆, 𝑟𝑒
c) Energy Models Associated with Gold Substrate
Besides the interchain and intrachain effects within the molecular layer of alkanethiol 
SAM, the surface stress changes may also be due to the gold substrates. The alkanethiol molecules 
are chemisorbed on the surface with the sulfur atom forming a strong bond with gold atoms and 
induce remarkable surface reconstructions. The gold-sulfur bond may result in changes in the 
electron clouds and the separations of Au atoms. Andreoni et al.19 used first principle calculations 
based on density functional theory to show that absorption of thiolated molecules on gold surface 
leads to redistribution of the charge density, and the gold atoms closest to the sulfur atom undergo 
a surface expansion with interatom separation changing from 2.88 to 3.45 Å. Beardmore et al.20 
also conducted first principle quantum calculation for gold-sulfur bond and showed that the gold 
atoms participating in the bonding become more positive charged while the sulfur atoms become 
more electro-negative.
Two empirical potentials were modified and utilized to model the energy of the gold 
substrate associated with surface reconstructions due to gold-sulfur bonds during the SAM 
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formation, the embedded atom method (EAM)23-25 and surface embedded atom method26 (SEAM). 
Both of the empirical potentials have been widely applied to model bulk and surface properties of 
gold, and have the following form:
 𝐸𝑠,𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =   𝐸𝑖 = 𝐹(∑
𝑗 ≠ 𝑖
𝜌(𝑟𝑖𝑗)) + 12∑
𝑗 ≠ 𝑖
𝜙(𝑟𝑖𝑗) (5)
where F is the embedding function that depends only on the local electron density from the 
surrounding atoms, ρ is the electron density function from a single atom at a distance r, and  is 𝜙
the pair potentials between atoms as a function only of the separation between two atoms. 
In these potentials, the embedding function provides the cohesive interaction or attractive 
force between the atoms while the shielded electrostatic interactions result in a repulsive force 
between the atoms. Interatomic spacing and the lattice arrangement of the atoms is determined by 
the balance of cohesive and repulsive forces. The first principle calculations34 suggest that during 
alkanethiol SAM formation, sulfur atoms occupy fcc sites on Au (111) surface and the three nearest 
gold atoms become more positive as they bind to the sulfur atoms. In order to model the surface 
reconstruction, we assumed that the electron density  of the gold atoms triplet nearest to 𝜌(𝑟𝑖𝑗)
sulfur atoms is reduced, leading to reduction in cohesive forces and consequently increase in the 
interatomic spacing between them. EAM/SEAM can solve problems for metals or alloys with 
different component, but not for metals with surface attachment with adatoms such as sulfur. To 
solve this problem, we took a modification to the potential models to represent the electron loss of 
atoms, by changing the electron density function. The electron density of gold triplet binding to 
sulfur atoms is described as:
𝜌′(𝑟𝑖𝑗) = 𝑘𝜌(𝑟𝑖𝑗) (6)
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where the k is reduction factor. 
d) Simulation Models and Surface Stress Predictions 
The influences of the energy changes associated with SAM layer and gold substrate are 
investigated separately with the energy models described above. Molecular dynamics (MD) 
simulations were conducted with an open source shared parallel code – LAMMPS 
(http://lammps.sandia.gov/). Two different simulation cases or models are considered as explained 
in the following paragraphs.
(i) MD simulation involving SAM bound to gold layer
For investigating the energy within the SAM, simulation box containing 24×24 alkanethiol 
molecules are utilized (dimensions of the simulation box are provided in Figure 3A). The close 
packed alkanethiol (S-(CH2)15-CH3) chains were hexagonally arranged at full coverage density on 
fcc sites on Au (111) plane with an approximate 30° initial tilt angle with respect to the normal 
vector of the surface. The SAM tilt angle is defined as the angle between the surface normal i.e. z 
direction and the vector from the head to tail group of a SAM molecule. The chains were arranged 
in the (√3 × √3) R30° lattice structure at an approximate 30° initial tilt angle with respect to the 
normal vector on the Au(1 1 1) plane. This tilt angle is chosen based on experimental as well as 
computational reports3, 14. Two layers of gold atoms are utilized to represent the gold substrate, 
and in order to simulate the energies coming from the SAM molecules alone, the gold atoms are 
kept fixed and the interactions associated in between the gold atoms are neglected. The simulation 
box is periodic along the in-plane directions (x and y) and with fixed boundary conditions in z 
direction. 
(ii) MD simulation involving interaction of gold substrate and sulfur
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For energy investigation of the gold substrate, simulation box containing 36×60×60 gold 
atoms are utilized with Au (111) lattice, and lines of gold triplet atoms on the top surface are 
selected to undergo the reduction of the electron density to represent the gold atoms that interact 
with the sulfur atoms of the adsorbed SAM molecules (Figure 3B). Bottom layer of the gold atoms 
was held fixed and the z dimension was chosen to be larger than the extent of gold lattice in order 
to simulate the free surface. The simulation box is with periodic y and fixed z boundary conditions, 
and two different boundary conditions are applied to x direction, periodic (direct computation) and 
fixed (continuum elasticity based computation), for different analysis approaches. Based on the 
elastic dipole theory and charge effect discussed above, this simplified atomistic model is 
established to calculate the surface stress development due to the transferred charge on Au atoms. 
For this model, the charge exchanged for each adatom is equally separated into 3 parts which will 
be stored in 3 nearest Au atoms by the adsorption site. The solid lines represent the fixed 
boundaries (left, right and bottom) for the system. Strains are imposed along x-dimension to 
investigate their relation to adatom energies.
This approach is only to investigate the dipole effect in x direction. All the energies 
gathered are divided by the thickness of the lattice to eliminate y-dimensional influence. 
Followings are the simulation steps: first, simulate to find the equilibrium states under various 
imposed strains for non-charged gold lattice and record the total energy of the system for each 
strain case which is the energy without the SAM. Then, fill charge on each Au atom located on 
specified sites as shown on Fig 3B, set the boundary conditions depicted as above, run the 
simulations for different cases of strain as well as charge value and record the total energy as the 
energy with SAM. 
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Two different approaches, direct computation and continuum elasticity based computation, 
were applied for surface stress analysis associated with SAM formation. The surface energy 
changes were calculated as the difference between energy computation with and without the SAM 
on the Au surface (equation (7)).
E𝑠,𝑆𝐴𝑀 = 𝐸𝑤/ 𝑆𝐴𝑀 ― 𝐸𝑤/𝑜 𝑆𝐴𝑀 (7)
With the direct computation approach, the surface stress is simply predicted with the 
definition (equation (2)) based on the energy/strain relationship. The first derivative of the energy 
, ,with respect to strain is taken for surface stress prediction.𝐸𝑠,𝑆𝐴𝑀 
The continuum elasticity computation approach was also utilized to investigate the surface 
stress based on the elastic interaction between the strain fields imposed due to adsorption of 
alkanethiol chains on the surface. Following Kukta et al.43, the elastic field induced by an adsorbed 
alkanethiol molecule is approximated by a force dipole acting on the surface. Adsorption induced 
energy change associated with gold substrate is modeled as a quadratic function of surface strain 
as: 
E𝑠,𝑆𝐴𝑀 = 𝐸𝑤/ 𝑆𝐴𝑀 ― 𝐸𝑤/𝑜 𝑆𝐴𝑀 = 𝑎0 + 𝑎1𝜀 + 12𝑎2𝜀2 (8)
where  is the strength of the force dipole induced due to atom adsorption and  determines 𝑎1 𝑎2
dependence of induced force dipole on the surface strain to first order. For a two dimensional 
geometry, the surface stress change due to molecule adsorption is expressed as43:
𝜎𝑠,𝑆𝐴𝑀 = ― 3𝜂𝑎13 ― 𝜋2𝜂2𝐶𝑎2 (9)
where  is a positive constant related to substrate Poisson’s ratio (ν) and the shear 𝐶 = (1 ― 𝜈) 𝜋𝜇
modulus (μ); η is the density of molecules on the surface. 
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Surface stress changes associated with SAM layer and gold substrate during the SAM 
formation are analyzed based on the energy observations from the two different simulation types. 
The energy components are evaluated with respect to different strain values applied to the 
simulation box/domain. Strains are applied by stretching or compressing the simulation box by 
certain ratio, and the energies associated with SAM layer and gold substrate, depending on the 
case, are calculated accordingly. With all the simulation results, the energies can be plotted as a 
function of the applied strain, and the surface stress changes are analyzed with the relationship 
between the energies and the strain.
5. Modeling results and Discussions
In order to determine the energy associated with SAM bound to gold layer at the 
equilibrium state in the room temperature, three part simulation process was undertaken with 1fs 
time step in MD simulations with LAMMPS code. The system was first set to a very low 
temperature (0.45 K) with NVT ensembles (fixed number of atoms, volume, and temperature) for 
energy minimization which was attained within 20 ps. This energy minimization step was the first 
part. After the energy was relaxed and stabilized, the temperature of the system was raised and 
kept fixed at room temperature (300 K) with NVT ensembles until equilibrium state was achieved 
in another 60 ps. This equilibration step was the second part. Now, for the last i.e. third part three 
scenarios were considered. In the first scenario a range of strains (-0.4% to + 0.4%) were applied 
to the resultant simulation box and MD simulation was conducted to check the effect of strain on 
energies right after the static minimization simulation. In the other two scenarios, the simulation 
box obtained after the end of the second part i.e. the NVT simulation was used. In one scenario, 
the strains were applied, and MD simulation was conducted to check the effect of strains on the 
thermalized system obtained after equilibration state. In the second scenario, charges were applied 
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to atoms of the CH3 end groups (C = - 0.366 e and H = + 0.122 e) of all SAM molecules, and the 
temperature was also kept at 300 K to conduct the MD simulation involving the range of strains 
on the simulation box obtained after the NVT simulation. The charges are applied to the CH3 end 
groups of the chains to see if this can have an effect on the interchain repulsion. In all three 
scenarios of the MD simulation, it continued with NVE ensembles (fixed number of atoms, volume, 
and energy) for a period of time (70 ps) to extract statistical information. For all the simulations, 
the Nose-Hoover thermostat44 was used as demonstrated in previous atomistic simulation studies 
on alkanethiols on Au surface. Fig 4A shows a typical total energy variation over the course of the 
MD simulation for the three parts of equilibration, thermalization and production run over a time 
of 160 ps. The tilt angle of the chains at the end of the NVE simulation is calculated to be 28±2°, 
which is comparable with Zhang et al.’s 38 result of 29±3°.
Strains (-0.4% to + 0.4%) were applied by compressing or stretching the simulation box, 
and corresponding energies were collected. The energy changes (differences between 
configurations with and without applied strain) associated with SAM layer, with the total energy 
involving the cumulative sum of   , ,  and , in the previously described three 𝐸𝑏𝑜𝑛𝑑 𝐸𝐿 ― 𝐽 𝐸𝐴𝑢 ― 𝑆 𝐸𝐶𝑜𝑢𝑙
MD simulation scenarios using the NVE ensemble, were plotted with respect to the strain (Figure 
4B). Surface stress is calculated from these energies through direct computation using the 
relationship with the strain as per the definition (equation (2)). However, the simulation results 
plotted in Fig. 4B show that in all three steps, the normalized change in surface energy is low and 
the energies have no obvious trend with respect to strain, which could mean that the contribution 
of inter and intrachain interactions in the SAM layer is not significant to the surface stress change. 
Thus, the surface energy change over the applied strain, associated with SAM layer, was negligible 
and has minimal contribution to the surface stress generation due to SAM formation. As a 
Page 18 of 34
ACS Paragon Plus Environment
Journal of Chemical Information and Modeling
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
19
comparison, if the ssDNA SAM formation on gold coated microcantilevers are considered, 
Dominguez et al.45,  noticed that as the surface coverage of ssDNA increases the surface stress 
also increases asymptotically to a saturation value till the maximum coverage is achieved. They 
also found that for a given surface coverage the surface stress increases till maximum hydration is 
reached. Hagan et al.46, performed simulations of ssDNA SAMs with strong segment to segment 
interactions which could predict the experimentally observed microcantilever deflections. 
According to these reports, the most probable cause behind the strong repulsive interactions in 
ssDNA is hydration associated intermolecular forces. The interaction mechanism of ssDNA SAM 
is thus different from that in alkanethiol SAM. The present MD simulation results are in agreement 
with the conclusion drawn by Godin et al.3, 14 and Desikan et al.4, 15, where they discuss about SAM 
interchain and intrachain interactions playing minimum role in the origin of surface stress changes.
The second case of MD simulations, considering the gold substrate, with the modified 
EAM and SEAM empirical potentials were conducted with increasing electron loss in order to 
match the surface expansion results with reported first principle calculation observations34. 
Previously, Srinivasan et al. 47 have reported the stress generation due to removal of charge from 
the surface towards the Au-S bond based on first principles calculation. The surface expansion 
results are shown in Table 2 with corresponding electron density reduction factor for EAM and 
SEAM potentials i.e. k = 0.8 and 0.2 were found to achieve the reported expansion of 3.45 Å for 
EAM and SEAM models respectively, indicating that, each gold atom need to lose 0.8 electrons 
for EAM potential, while 0.2 electrons for SEAM potential. Therefore, in EAM model observation, 
a total amount of 2.4 electrons were lost to a sulfur atom, while in SEAM model, only 0.6 were 
lost. Beardmore et al.20 reported residual atomic charges of (3×0.17 = 0.51) obtained by fits to the 
electrostatic potential and dipole moments for SAM formation. As a result, the SEAM gave a better 
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performance in surface stress problem to simulate the electron loss, and we chose to use modified 
SEAM empirical potential in the simulations of surface stress generation associated with the 
surface reconstructions in this study. 
Table 2: Force field parameters used in MD simulations
reduction factor (k) EAM expansion ( Å) reduction factor (k) SEAM expansion ( Å)
0 2.88 0 2.88
0.5 3.19 0.05 2.92
0.7 3.38 0.1 3.21
0.8 3.46 0.2 3.47
1 5.87 0.3 5.14
Based on the MD simulation results using the modified SEAM potential, direct 
computation (equation (2)) and continuum elasticity based calculation (equations (7) and (8)), were 
applied for energy calculation and the consequent surface stress calculation associated with the 
gold substrate. In the direct computation approach, different number of lines of gold triplet atoms 
((1, 2, 3, 4, 6, 12 lines) were utilized to represent different surface coverage densities of SAM, and 
the energy change (per area) was found to be proportional to the number of lines of gold triplet 
atoms. Energy changes per line of gold triplet atoms are plotted in Figure 4C as a function of 
applied strain (-0.5% to 0.5%). The relationship between the surface energy and strain was 
analyzed and the surface stress was calculated as the first derivative of the energy with respect to 
the strain (equation (2)). Second order relationship was obtained between the surface energy and 
surface strain. 
In the continuum elasticity based computation, surface energy change was computed with 
1 line of gold triplet atoms and was plotted in Figure 4C as a function of strain (-0.5% to 0.5%). 
Second order relationship was applied to fit the curve, and the fitted parameters were used for 
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surface stress predictions with respect to surface coverage (equation (10)). Non-linear influences 
of the coverage density can be observed due to the consideration of the second order term in the 
energy/strain relationship. 
E𝑠,𝑆𝐴𝑀 = (1.2𝜀2 ― 1.63𝜀 + 0.285) × 10 ―9,
𝜎𝑠,𝑆𝐴𝑀 = ― 4.89𝜂3 × 109 ― 7.8 × 10 ―11𝜂2 (10)
6. Comparison of Computational Predictions with Experimental Reports
Since the surface stress change due to the SAM layer, arising from inter and intrachain 
interactions is not a major contributor, the origin of the surface stress change during the SAM 
formation may be attributed to the surface reconstruction of the gold substrate. Two models, direct 
computation and continuum elasticity based calculations, are utilized to predict the surface stress 
change with respect to the surface coverage of the SAMs. The direct computation predicted a stress 
range values of 0.12 to 3.06 N/m with increasing surface coverage. which was proportional to the 
surface coverage, and for a similar range of surface coverage,  the continuum elasticity based 
computation provided a stress range prediction of 0.16 to 4.38 N/m. These two models generally 
predicted the surface stress change of similar magnitude, while continuum elasticity based 
computation provided a little higher stress changes due to the nonlinear effects. These results are 
plotted together in Fig. 5 to compare with the experimental results as laid out in Table 1.
Both direct computation and continuum elasticity based computation provided surface 
stress predictions that cover the range of the reported experimental results. As established in the 
publication by Godin et al. 14, grain size and surface roughness of the gold coating has significant 
effects on the surface stress changes. The SAMs adsorption on to surfaces with large and flat grains 
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were shown to have high quality monolayers, when compared to SAMs on small grained gold 
surface which could be due to incomplete adsorption and thus have lower surface coverage and 
less dense packing. As a result, larger grain size and smaller surface roughness will in turn produce 
higher surface stress, wherein the alkanethiols are found to be in standing-up configuration. Godin 
et al.14 showed that the surface stress is not dependent on the alkanethiol chain length for 
atomically flat gold in the vapor phase.  Berger et al.2, 48, have previously postulated that longer 
chain alkanethiols will produce dipole moments that can cause more bending of microcantilevers 
which is refuted by Godin et al. through experimental and computational observations based on 
the premise that there is a 30° tilt in chains due to van der Waals interactions that would not exist 
if strong electrostatic repulsions existed between the molecules. Mertens et al. 49, reported that for 
grain sizes smaller than 100 nm, the adsorption induced surface change due to 6C alkanethiols 
becomes independent of grain sizes and they did not notice any significant relationship between 
the surface stress and the gold film roughness. They go on to explain that surface stress due to 
molecular adsorption significantly depends on the residual surface stress of the gold film that is 
arising from the phenomena of grain boundary formation and coalescence which minimizes the 
effect of gold surface energy. However, Desikan et al.4 conducted their experiments in the liquid 
phase and noted that when longer chain alkanethiols are lying down on the gold surface they tend 
to block more adsorption sites compared to short chain molecules lying down on the surface. They 
showed that 8C alkanethiols had higher stress response compared to 18C alkanethiols and for the 
same surface coverage and grain size, they propose that the increased stress is due to more Au-S 
bonds caused by the better adsorption of the shorter molecule. All of these hint at the gold substrate 
reconstruction process being a prime candidate for the surface stress change. The computational 
studies by Guesmi et al.50 showed that long chain thiols primarily adsorb molecularly on Au (111) 
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while for short chain thiols the adsorption is initiated by S-H bond breaking. The short chain thiols 
were shown to be more mobile with smaller inter chain interaction energies which enables them 
to attain adequate geometries driven by entropy and this deforms the Au (111) drastically to 
promote adatom formation. In particular due to the higher mobility of the short chain thiols, two 
such chains could bind to a gold atom which could become adatoms subsequently. The surface 
reconstruction was shown to be drastic in the sense that by virtue of the S-Au bond having more 
cohesive energy than the Au-Au bond, a gold atom could be dragged or pulled out more easily. As 
discussed earlier, based on DFT calculations ,Chen et al.21 noted that the binding of the sulfur atom 
to the gold altered the atomic positions as well as the charge distribution of the gold atoms which 
occurs almost exclusively in the first two surface layers. Based on the present work, better 
adsorption would mean more chance of interaction between the surface gold atoms and the S atom 
on the alkanethiols leading to surface reconstruction facilitated by the electron loss of gold atoms 
as explained earlier. 
The comparison between simulation and experimental results as shown in Fig. 5 reveal that 
most experiments were performed with small grained surface which lead to low surface coverage 
densities, and according to the experiments reported by Godin et al. 14, they all form SAMs with 
lying-down configuration. For the large grain size case shown on Fig. 5, it can be seen that both 
of the computational results considerably underestimate (by 2 to 3 N/m) the stress reported by 
Godin et al.,  but it may be noted that the simulations reported in the present work were performed 
with a 15C alkanethiol whereas Godin et al.14 worked with a 12C alkanethiol. As reported by 
Desikan et al.4, the shorter chain thiols generated greater surface stress change. The computational 
models fare much better for the scenarios with smaller grain size. It should also be noted that the 
simulation predictions fare considerably well (within ~ 0.5 N/m) for the experimental results 
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reported by Berger et al.2, Godin et al.3 and the one presented in this work, in case of the lower 
surface coverage and the smaller gold grain size, taking into account the average experimental 
uncertainty of 0.05 N/m in surface stress and the fact that the continuum mechanics calculations 
did not take into account the interchain interactions even though their contribution is minimum.  
Also, it is to be noted that Desikan et al. 4 conducted the experiments in the liquid phase and they 
argue that it may lead to higher surface stress while the simulations did not take into consideration 
any water molecules.
7. Conclusion
In this study different simulations were performed to investigate the influences of the 
energy changes associated with SAM layer and gold substrate on the surface stress change due to 
the formation of the alkanethiol SAMs on microcantilevers. The simulations with SAM layer 
showed the surface stress change due to interchain and intra chain interactions of SAM molecules 
was not a significant factor behind the surface stress on the microcantilever, and the surface stress 
associated with the surface reconstruction of the gold substrate was determined to be the most 
dominant factor. The simulation did not look into the effect of chain length behind surface stress, 
as it has been considerably explored by other researchers, wherein it was shown that in liquid phase 
the surface stress increases till a given chain length4 after which it decreases due to less efficient 
surface adsorption due to competing effects from steric hindrance. The present work focused more 
on the dominant underlying cause of surface stress generation for a given thiol. Previous 
experimental studies have shown that formation of more Au-S bonds led to greater surface stress 
and DFT based computational studies have explained this on the basis of formation of greater 
adatoms, all of which point to the direction of surface reconstruction as the significant contributor 
to surface stress change. The present work uses multiscale simulation by combining MD with 
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continnum mechanics and considers the possibility of gold surface reconstruction due to electron 
loss of gold atoms to neighboring sulfur atom which changes the interaction energy of the gold 
layer leading to surface stress change.
The modified SEAM and EAM potentials were first introduced to the SAM study keeping 
in mind the electron loss of gold upon bonding with sulfur, and the results show that to achieve 
the same surface expansion, the model based on SEAM potentials provided more reasonable 
electron loss (when matched to previously reported experiments) per gold atom (0.2 e-) compared 
to that found using EAM (0.8 e-) potentials. According to the results, we thus suggest that SEAM 
potential would be more suitable when analyzing the surface phenomena related to SAM. 
Both direct computation and continuum elasticity based computation approaches, provided 
similar ranges of surface stress predictions. The predicted surface stress changes increased with 
the surface coverage density, as observed in the experiments, and the total range of the predictions 
covered the reported experimental results, however, there was more deviation of the prediction 
from the experimental result at higher grain size. The surface stress observations were greatly 
affected by the grain size of the gold substrate. Larger grains may lead to better adsorption and 
higher surface coverage which will induce higher surface stress, while in contrast smaller grains 
would lead to lower surface stress change. This indicates that future modeling/experimental studies 
may focus on revealing the dependence of grain size on surface stress. The observations discussed 
in this article could help in optimizing the nanomechanical response for microcantilever based 
sensors.
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Figures for manuscript
Figure 1: Schematic for surface stress measurement system using microcantilever based 
laser interferometer is shown. The system consists of a sensing/reference pair of 
microcantilevers and works on the principle of laser interferometry based deflection 
measurement. The details are provided in Zhao et al. 29
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Figure (2A): AFM image (750 nm x 750 nm) of gold coated surface of microcantilever is 
presented. The grain size was determined to be 40 ± 10 nm with a mean square roughness of 
the gold surface equal to 2.07±0.23 nm for the 750 nm scan size. (2B): Representative plot 
depicting differential surface stress change due to the adsorption of alkanethiol SAM 
(octanethiol) on microcantilever for an experiment described in the article is shown. The 
average surface stress recorded is 0.28 ± 0.05 N/m
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Figure (3A): Schematic of simulation box and the molecular configuration is presented. This 
set up is utilized to check the surface stress arising from the interactions within the SAM 
layer and its interaction with the gold surface. (3B): This simulation set up uses the SEAM 
potential to calculate surface stress change due to gold surface reconstruction. (i) The front 
view (X-Z plane) of the molecular system, and (ii) the top view (X-Y plane) of the simulation 
set up for the gold substrate is shown. Top view of simulation box presents the Au triplet 
atoms on surface of gold substrate surrounding a sulfur site Au atom. 
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Figure (4A): The total energy of the SAM layer during the three steps of MD simulations with 
different temperature and ensembles is presented for the case of 0 strain and no charges on CH3. 
(4B): Normalized energy changes with respect to applied strain for the different scenarios of MD 
simulation for SAM layer is shown. The SAM layer has minimum contribution to surface stress and 
the error bars overlap considerably for the three different scenarios indicating the absence of 
distinguishing features. (4C): Relationship of surface energy change per line of gold triplet with 
respect to strain based on direct computation approach and the relationship of surface energy change 
with respect to strain based on continuum elasticity based computations are presented. Both the 
approaches predict a nonlinear relationship.
(A) (B)
(C)
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Figure (5): Comparison between surface stress change relationship with surface coverage for 
both small and large grain sizes of Au surface are represented. The blue curve shows the 
prediction from the continuum elasticity based computation whereas the orange curve shows 
the same for the direct computation approach ( details of both the approaches are given in 
the main text). It may be observed that for small grain size the simulations described in this 
work can do a reasonable prediction (within 0.1 to 0.5 N/m surface stress) as highlighted by 
the zoomed in view in the inset plot. However, it underestimates the stress value represented 
by Godin et al. 15for the large grain size by ~ 2.3 to 3 N/m.
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